ABSTRACT Microscopic and radiographic observations, as well as ash, calcium, phosphorus, copper, manganese, and zinc concentrations, were evaluated from femora of 32-to 35-wk-old male turkeys from two different farms (A and B). Turkeys from Farm A were divided into birds with femoral fracture (AF) and without femoral fracture (ANF). Turkeys from Farm B did not have femoral fractures (BNF). In the mid-diaphyseal cortex of turkeys without femoral fractures, collagen fibers were evenly distributed parallel to the transverse plane of bone surface. In contrast, collagen fibers were disorganized and the cortex was osteoporotic in turkeys with femoral fractures. Each turkey with femoral fractures also had
INTRODUCTION
Leg fractures represent an economical loss for the poultry industry due to death of birds on the farm. Male breeding turkeys normally die 1 or 2 d after suffering a fracture of the femur because they cannot reach the feed and water or are killed by their pen mates. These fractures appear to occur acutely and spontaneously during a variety of daily circumstances. However, evidence of callus in the femora of turkeys with and without fractures is suggestive of a more chronic process (Crespo et al., 1999 (Crespo et al., , 2000 .
In modern turkey breeding farms, males are handled one to two times weekly for semen collection. Turkeys are caught and restrained by grasping one leg at the level of the tibiotarsus-tarsometatarsus joint (hock joint) and the opposite wing at the humerus-radius joint (elbow joint). The bird then is immobilized by holding both legs 2002 Poultry Science Association, Inc. Received for publication October 12, 2001 . Accepted for publication April 3, 2002. 1 To whom correspondence should be addressed: rmcrespo@ ucdavis.edu.
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callus on the mediocaudal region of the femoral middiaphysis. The periosteal callus was interrupted at the insertion of the puboischiofemoralis muscle. Muscle attachment to the bone might have interfered with the formation of periosteal callus. The concentration of calcium was lower in the cortex of turkeys in group AF compared to turkeys in groups ANF and BNF. The focal nature of the callus, along with the low levels of calcium, is indicative of a local repair response with alteration in cortical structure and altered concentrations of minerals in the cortex. These changes in the bone and the routine handling of the birds might have predisposed the turkeys to complete fractures of the femur. during semen collection. This repetitive abnormal loading and unloading of the bones of the leg may weaken the bone due to initial incomplete cortical fracture that stimulates a focal region of periosteal or endosteal callus (Martin et al., 1997) . Furthermore, during the early repair process, a transient period of osteoporosis results from resorption of damaged bone that may predispose bone to complete fracture (Nordin and Frankel, 1989; Ostrum et al., 1994) .
The material properties of bone tissue are highly related to bone porosity, degree of mineralization, and collagen fiber orientation (Carter and Hayes, 1977; Riggs et al., 1993; Martin et al., 1996) . Bone is a composite material consisting of a mineral phase, formed primarily of calcium hydroxyapatite, embedded within organic fibers of type I collagen (Woodard, 1997) . It is known that the combination of collagen and mineral in the bone is stronger by weight than either substance alone (Andrew et al., 1964) . Bone material strength is inversely related to the degree of porosity and directly related to mineralization (Martin and Ishida, 1989) . Despite the numerous studies describing the microstructure and compositional matrix of young turkey bones (Leblanc et al., 1986; Nestor et al., 1987; Wyers et al., 1993; Thorp, 1994) , there are no reports describing these characteristics in cortical bone of male adult turkeys. It is our hypothesis that femora from turkeys that sustained a femoral fracture will have bone tissue that is more porous and less mineralized with altered collagen fiber orientation than bone tissue from turkeys without fracture. To test this hypothesis, we compared the porosity, mineral density, and collagen fiber orientation of femora from turkeys with and without femoral fracture using histologic, microradiographic, and quantitative bone mineral methods.
MATERIALS AND METHODS

Birds and Husbandry
Femora were obtained from 32-to 35-wk-old male Nicholas turkeys, between March and April of 1997. All turkeys were hatch mates but were raised on one of two different commercial farms (Farms A and B) . Farm A had turkeys in this age range that sustained a femoral fracture. Turkeys from Farm B did not have femoral fractures and were selected as age-matched controls. Turkeys with femoral fractures were collected within 36 h of the fracture for diagnostic study. All turkeys were housed in confinement on a concrete floor with wood shavings. Semen was collected twice per week beginning when birds were 30 wk of age. Turkeys from Farm A were fed ad libitum, whereas turkeys from Farm B were feed-restricted, with 540 g of feed per turkey per day being provided (Table  1 ). All turkeys were fed a corn-soybean meal diet supplemented with a vitamin-mineral mix at the concentrations recommended by Nicholas Turkey Breeding Farms (1997).
Turkeys were categorized into three groups: two from Farm A, those with femoral fracture (Group AF, n = 9) 2 Fisher Scientific, Fair Lawn, NJ. and those without femoral fracture (Group ANF, n = 9), and one from Farm B, without femoral fracture (Group BNF, n = 9). The average body weight of the AF turkeys was 26.01 ± 1.77 kg (mean ± SD), of the ANF turkeys was 26.31 ± 3.42 kg, and of the BNF turkeys was 18.2 ± 0.9 kg.
Bone Samples
After the turkeys were euthanized with carbon dioxide gas (American Veterinary Medical Association Panel on Euthanasia, 2001), femora were removed and stripped of soft tissues. Gross lesions on the bones have been described (Crespo et al., 2000) . Both femora from each bird of the AF group and one femur from each bird of the ANF and BNF groups were transected into two proximal and distal halves (Figure 1) . One 2 cm thick transverse section was cut from the distal margin of the proximal diaphyseal segment and placed in 10% neutral buffered formalin. One 2 cm thick transverse section was cut from the proximal margin of the distal diaphyseal segment and fixed in 40% ethanol. The rest of the diaphyseal cortex was stored frozen at −20 C in a waterproof bag until further processing.
Histologic Evaluation
Formalin-fixed sections were decalcified in a 50/50 solution of 20% sodium citrate 2 and 44% formic acid 2 for at least 48 h. All bones were routinely processed, embedded in paraffin, sectioned at 4 µm, 3 stained with hematoxylin and eosin, and examined with an Olympus BH-2 microscope.
4 Osteon distribution, Haversian canal diameter, and presence or absence of callus were studied under transmitted light. Because of the birefringent properties of collagen, its distribution was examined under polarized light (Martin et al., 1996) .
Microradiography
Alcohol-fixed sections were dehydrated in graded ethanol solutions, defatted in xylene, and embedded in methylmethacrylate.
5 Embedded specimens were sectioned 6 transversely at a thickness of 200 to 250 µm, and then reduced 7 in thickness to 100 µm (range 95 to 105 µm), cleaned, dried, and pressed flat.
Contact microradiographs were taken of each bone section with high-resolution film 8 by exposure in a cabinet x-ray unit 9 for 70 min at 3 mA and 25 kV. To compare the densities of bones in the microradiographs an aluminum step wedge, with thicknesses of 17, 32, 49, 69, 84, or 96 µm, was included in each microradiograph. A calibration curve was created using the known density of specified thicknesses in the aluminum step wedge to facilitate calculation of the density of bone in the microradiographs.
The cortex was divided into 12 sections by imaginative lines. Porosity and specific mineral density were calculated from three selected areas of each section: cranial, mediocaudal, and lateral ( Figure 2 ). These areas of the cortex were acquired from the slide-mounted microradiograph using a personal computer 10 equipped with a frame grabber and interfaced to a microscope 11 (at a magnification of ×10) with a video camera.
12 Each area examined was 246 by 246 pixels. A software program 13 was used to count the pixels per unit area and, in conjunction with the calculated calibration curve (created with the aluminum step wedge), to define the level of grayscale, from 0 to 305. In this grayscale, the 0 represented pure black, and 305 corresponded to pure white. Non-mineralized or porous areas were defined as those pixels that had a gray density less than 120. Radiographic porosity was calculated as the percentage of pixels that were below this threshold. The specific mineral density was determined by averaging the grayscale values of the pixels that were greater than the selected threshold from 120 to 305. The grayscale value was converted into mineral density using the calibrating curve, created with the aluminum step wedge. 
Mineral Content and Bone Ash Evaluation
Cortex from the proximal aspect of the diaphysis was used for bone ash evaluation (Figure 1 ). The cortical bone was ground after its wet weight was determined. The ground cortical bone was dehydrated at 100 C for 24 h, weighed, and ashed in a muffle furnace at 550 C for 12 h or to constant weight, cooled, and then reweighed. Ash content was determined as a percentage, ash (%) = weight post-ash weight pre-ash × 100.
Cortex from the distal aspect of the diaphysis was used for mineral content evaluation (Figure 1 ). The bone marrow was manually removed from the bone and the remaining cortical bone was ground, dehydrated at 100 C for 24 h, weighed (dry basis), and then digested in 37% nitric acid at 200 C for 90 min. Concentrations of calcium, phosphorus, copper, manganese, and zinc were measured by inductively coupled plasma emission spectrometry (Galey et al., 1990) . Calcium and phosphorus concentrations were reported as a percentage of dry weight. Concentrations of copper, manganese, and zinc were reported as parts per million in dry weight. Concentrations of each mineral in ash were calculated as mineral (% of dry weight) ash (%) × 100.
Statistical Analyses
For statistical analysis of microradiographs, the AF group was further divided in two groups, fractured femora (AF-fx) and contralateral intact femora (AF-Intact). The effect of group (AF-fx, AF-Intact, ANF, and BNF), region of the bone (mediocaudal, cranial, and lateral), and two-way interactions for porosity and specific mineral density were assessed using ANOVA.
14 In addition, the effect of group (AF, ANF, and BNF) for bone mineral composition was assessed using ANOVA. In all cases, when a factor had a statistically significant effect, Tukey's test was used to detect differences among means. Significance level was set at P < 0.05 for all tests. Correlation analysis 14 was performed for porosity, specific mineral density, and mineral concentration.
RESULTS
Histology
In general, the femoral cortex of the turkeys at the middiaphysis from all groups was similar to lamellar bone of mammals. Most collagen fibers were arranged in circumferences, parallel to the bone cross-section surface. The outer (periosteum) and inner (endosteum) margins of the cortex contained densely packed, circumferential lamellar bone. Between these two layers, the femoral cortex had an underlying pattern of network bone, which is made up of intercalating woven bone tissue containing osteons and layers of lamellar bone arranged in circumferential rows. At the mediocaudal site there was an insertion for the puboischiofemoralis muscle with Sharpey's fibers on the periosteum and predominantly woven bone tissue in the underlying cortex.
Histopathologic evaluation of cortex from BNF turkeys showed regular osteon distribution. The Haversian canal diameter varied between 5 to 10 µm, with an average of 7 µm in diameter. There were occasional resorption cavities randomly distributed in the cortex of up to 24.5 µm in diameter. No calluses were observed in any of the sections from the BNF group. Under polarized light, the cortices from BNF turkeys had evenly distributed parallel collagen fibers longitudinally oriented throughout the cortex.
The average Haversian canal size of bones from ANF group was around 7 µm. Also there were a moderate number of resorption cavities up to 15.7 µm in diameter. Around the mediocaudal site, the osteons were a little more unevenly distributed than in the BNF group. In addition, endosteal callus was observed in this mediocaudal site, in only three sections of the ANF group; no periosteal calluses were observed. Under polarized light, the entire periosteum from the ANF had a thick band of poorly defined collagen, which was almost indistinguishable from the rest of the cortex. The cortical surface was 14 SPSS for Windows, Version 9.0, SPSS Inc., Chicago, IL. There is a longitudinal area of osteoporosis across the cortex (arrow). Note that the direction of endosteal callus (E) is parallel to the surface of the endosteum, whereas the direction of the periosteal callus (P) is perpendicular to the surface of the cortex. The puboischiofemoralis muscle inserts where the cortical periosteum is interrupted. Bar = 3 mm.
characterized by interposed bands of polarized parallel collagen fibers between dark non-polarized bands.
In the femoral cortices from the AF group, the porosity of the cortex was more evident containing irregularshaped resorption cavities of 50 µm or more in diameter. All fractured and contralateral femora of the AF group (total of 18 sections) had periosteal and endosteal calluses on the mediocaudal cortical surface. Periosteal callus did not bridge over the area of soft tissue attachment. On the other hand, endosteal callus formed a continuous bridge across the endosteum in the affected region. Microfractures associated with large resorption cavities were found on the mediocaudal region of the cortex in eight sections (two fractured femora and six intact contralateral femora), in the AF group. Under polarized light, the collagen fibers had no dominant orientation. In the fractured bones, the disorganization was observed throughout the cortical surface. However, this disorganization was most obvious in mediocaudal region of the cortex of the contralateral non-fractured femora.
Microradiography
Fractured femora from Farm A had greater porosity as compared to intact femora, including their contralateral intact femur (Table 2 ). There were no differences in the cortical porosity between the regions, and the interaction between group and region was not significant. When the porosity at each femoral region was investigated, AF-fx group was more porous than all other groups, including the intact contralateral femur of Farm A birds (AF-Intact) at the mediocaudal region of the femur. At the lateral region, the porosity of the femora was higher in the AFfx than in femora from ANF and BNF groups, but no difference was observed in relation to the AF-Intact Within a column, means ± SE values with differing superscripts are different (P < 0.05).
1 AF = turkeys with femoral fracture from Farm A. Sections from both femora, fractured and contralateral intact, were examined for each bird in this group. ANF = turkeys without femoral fractures from Farm A. BNF = turkeys from Farm B (no femoral fractures were observed on this farm). n = number of turkeys in each group. group. A similar trend was observed in the cranial region, but porosity was not different among groups.
The femoral cortex from the ANF turkeys had higher specific mineral density when compared to the other groups (Table 3) . Although specific mineral density did not differ among the three regions of the femur (mediocaudal, cranial, and lateral regions), there was an interaction between group and region of the femur. Specifically, the mediocaudal region of the AF-fx had less specific mineral density as compared to the lateral region but not the cranial region. For all intact femora, specific mineral density was similar among regions of the femur There was callus formation associated with this mediocaudal region of the femoral cortices from turkeys of the AF and ANF groups. In both groups, the endosteal callus was more radiodense than the periosteal callus. Also, direction of mineral deposition in the endosteal calluses was parallel to the bone surface, whereas the mineral deposition of periosteal calluses was perpendicular to the surface (Figure 3 ). There was a linear relationship between porosity and specific mineral density (P < 0.001; r 2 = 0.4837).
Ash and Mineral Content
Ash, phosphorus, and zinc did not differ among groups (Table 4 ). The percentage of calcium in ash was significantly higher in the femora of the ANF group when com- Within a column, means ± SE values with differing superscript letters are different (P < 0.05).
y,z
Differing superscript letters in the AF fractured group indicate differences (P < 0.05) between sites within this group. No differences were found between sites in the other groups. 1 AF = turkeys with femoral fracture from Farm A. Sections from both femora, fractured and contralateral intact, were examined for each bird in this group. ANF = turkeys without femoral fractures from Farm A. BNF = turkeys from Farm B (no femoral fractures were observed on this farm). n = number of turkeys in each group. pared to the AF group, for fractured and contralateral nonfractured femora, but not when compared to the BNF group. As expected, the calcium to phosphorus ratio in the bone cortex was around 2:1 in all groups. Copper content was over 60% higher in the BNF group as compared to all other groups (ANF and AF). On the other hand, manganese content was more than 72% lower in the BNF group than in the ANF group. The manganese content in the AF groups was similar to that of the ANF birds. There was a significant, although not strong, linear relation between calcium and specific mineral density (P = 0.0242; r 2 = 0.1871). No linear relation was found between calcium and bone porosity. Additionally, no other mineral had a linear relation with the specific mineral density or bone porosity.
DISCUSSION
Our hypothesis was that femora from turkeys that sustained a femoral fracture would have altered bone characteristics that might predispose them to fracture. Specifically, the bone tissue would be more porous, less mineralized, and have altered collagen fiber orientation when compared to bone tissue from turkeys without a fracture. Results of this study support these associations.
Evidence for global differences in bone organ composition included lower levels of calcium in the turkeys with femoral fractures. The lower calcium levels paralleled the Within a row, mean values ± SE with differing superscript letters are different (P < 0.05). Each mean represents nine observations. 1 AF = turkeys with femoral fracture from Farm A. Sections from both femora, fractured and contralateral intact (intact), were examined for each bird in this group. ANF = turkeys without femoral fractures from Farm A. BNF = turkeys from Farm B (no femoral fractures were observed on this farm).
higher porosity and lower specific mineral density in the fracture group of turkeys. Because calcium and phosphorus in the form of hydroxyapatite compose 60 to 70% of the inorganic component of the mineralized matrix of bone (Rath et al., 2000) , it is reasonable that a loss of bone matrix (higher porosity) and lower mineral density would accompany lower levels of those minerals. Thorp and Waddington (1997) also found that chicken bones that fractured during processing had lower calcium than intact bones. The low levels of calcium in the turkeys with a fractured femur (AF group) might be related to ongoing remodeling of bone, in which the rate of bone resorption is taking place at a faster rate than bone formation. In mature animals, remodeling of the bone allows the skeleton to respond to alterations in the internal and external environments (Kaplan et al., 1994) . Remodeling induces constant bone resorption and formation (Price and Russell, 1992) . Because calcium and phosphorus are closely interrelated in the mineralization of osteoid, it is not surprising that concentrations of these two minerals follow similar patterns.
Site-specific changes were observed histologically. When examined at several sites within a transverse plane in the middle of the diaphysis, collagen fiber alterations were greatest in the mediocaudal site. The location of these differences coincided with the location of periosteal and endosteal calluses and with observation of microdamage in the AF group of turkeys. Furthermore, the femora from AF and ANF groups showed evidence of callus formation associated with the mediocaudal region of the middle of the diaphysis (Crespo et al., 1999 (Crespo et al., , 2000 . The focal nature of the callus is more indicative of a local repair response than a general adaptive mechanism to growth or increased loading within the physiologic range (Taylor, 1997) . At the site of callus formation, the cortex was more porous, and cortical periosteum was discontinuous because of the puboischiofemoralis muscle attachment, which might have interfered with callus formation. Weak areas in the cortex might predispose the birds to femoral fracture. On the other hand, endosteal calluses were more mature than periosteal calluses. It is possible that stabilization and support from the muscle mass further prevented formation of callus at an earlier phase.
The puboischiofemoralis muscle attaches to the middle of the femoral diaphysis at the mediocaudal region. This muscle is a main retractor muscle (Raikow, 1985) . Retractor muscles are involved not only in retractive motion but also in postural support, where they resist overprotraction of the femur and act as shock absorbers. Turkeys, especially males, have marked hypertrophy of the breast muscles (Abourachid, 1991) . The heavy weight of the birds might also predispose them to the valgus deviation of the legs (Abourachid, 1993) , imposing increased pressure on this adductor muscle and the femur at the attachment site. In addition to these factors, these turkeys were handled twice weekly for semen collection. This handling might have created additional unnatural tensile and bending stresses on the femora.
Femora from the AF and ANF groups also had lower copper levels and higher levels of manganese than those from the BNF group, which may be related to differences of these minerals in the diet or the remodeling process of the bone. Copper and manganese are essential for collagen distribution (Okano, 1996) , which has been associated with bone strength (Rath et al., 1999) .
In summary, the continuous remodeling of the bone, in an effort to adapt to stress, such as handling for semen collection, probably predisposed the birds to the production of inferior cortical bone tissue. Lower calcium contents in birds with fractures may be related to active resorption of bone and removal of mineral, weakening the bone even further. Muscle attachment to the bone might interfere also with the formation of periosteal callus and prevent formation of callus in an earlier phase. Combination of all these factors might have weakened the cortex and predisposed the birds to femoral fracture.
